Snyder-Robinson Syndrome (SRS, OMIM: 309583) is an X-linked intellectual disability syndrome, characterized by a collection of clinical features including facial asymmetry, marfanoid habitus, hypertonia, osteoporosis and unsteady gait. It is caused by a significant decrease or loss of spermine synthase (SMS) activity. Here we report a new missense mutation, p.Y328C, (c.1084A>G), in SMS in a family with X-linked intellectual disability. The affected males available for evaluation had mild ID, speech and global delay, an asthenic build, short stature with long fingers and mild kyphosis. The spermine/spermidine ratio in lymphoblasts was 0.53, significantly reduced compared to normal (1.87 average). Activity analysis of SMS in the index patient failed to detect any activity above background. In silico modeling demonstrated that the Y328C mutation has a significant effect on SMS stability, resulting in decreased folding free energy and larger structural fluctuations compared with those of wild type SMS. The loss of activity was attributed to the increase of conformational dynamics in the mutant which affects the active site geometry, rather than preventing dimer formation. Taken together, the biochemical and in silico studies confirm the p.Y328C mutation in SMS is responsible for the patients having a mild form of SRS and reveal yet another molecular mechanism resulting in a non-functional SMS causing SRS.
INTRODUCTION
Snyder-Robinson Syndrome (SRS, OMIM 309583) is an X-linked intellectual disability (XLID) syndrome characterized by facial asymmetry, marfanoid habitus and an unsteady gait in association with mild-moderate intellectual disability (1) . This original clinical description was expanded to include a thickened lower lip, nasal dysarthic speech, narrow or cleft palate, diminished muscle mass, osteoporosis, kyphoscoliosis and long great toes upon re-evaluation of the original family (2) . The causative X-linked gene was identified by Cason et al., when a splice mutation was found in the spermine synthase gene (SMS, OMIM 300105) resulting in truncation of the protein (3). Biochemical studies confirmed low levels of intracellular spermine, a decreased spermine/spermidine ratio and significantly decreased SMS activity. Recently, two additional mutations in SMS have been identified in families whose phenotypes are consistent with SRS (4, 5) . These additional families expanded the SRS phenotype to include profound ID, seizures, short stature, pectus carinatum and myopia.
The recently solved 3D structure of SMS (6) provides critical insights into the structural features involved in its function. It was shown that the biological unit of SMS is a dimer, an observation which was confirmed by biochemical experiments (7, 8) . Structural analysis suggested SMS must function as a dimer instead of a monomer. Each monomer is composed of N-and C-The availability of the 3D structure of SMS allowed a series of in silico investigations of some missense mutations on SMS stability, function and domain-domain interactions (7) (8) (9) (10) . It was demonstrated that some of the missense mutations affect the function of SMS directly by disturbing wild type properties of the active site, while other alter the function indirectly by preventing dimer formation (7) . Furthermore, an investigation was carried out to probe if the disease-causing mutation sites could accommodate harmless mutations (8) . It was shown that some of the missense mutation sites can tolerate almost any other substitution except for the disease-causing mutation. In contrast, any alteration at other mutation sites results in a profound effect and is expected to cause SRS. Clearly, these sites are essential for either dimerization or catalytic function of the dimer.
Here we describe a novel missense mutation in SMS, (p.Y328C; c.1084A>G), in a small XLID family in which the affected males present with a mild phenotype. We have employed molecular, biochemical and in silico analyses to assess the effect of the p.Y328C mutation on SMS function.
RESULTS

Clinical description
The index patient, IV-3 ( Fig. 1) , was born as the third child of healthy and unrelated parents. His older brother and sister are healthy. Before birth intra-uterine growth retardation was noted, as well as a single umbilical artery. He was born at 36 weeks of gestation with weight of 2000 g (10 th centile) and length of 42 cm (below 3 rd centile). He was transferred to the neonatal unit because of recurrent hypoglycemia, which resolved spontaneously. At that time a sacral dimple was noted. At the age of 2 years and a half, the boy was seen by a clinical geneticist because of global developmental delay, with especially delayed language development. He learned to walk at age 18 months. Despite speech therapy, his active and passive language development remained delayed with echolalia and poor understanding. An IQ test (WPPSI-R) at the age of 6 years showed a borderline to mild intellectual disability (total IQ 74) with a discrepancy between verbal (VIQ 72) and performal IQ (PIQ 86). He went to a special school for children with mild ID. In the following years he was seen at several occasions at the pediatric consultation because of growth delay and especially low weight gain. A metabolic and gastro-enterologic work-up was, however, normal. At recent re-evaluation at the age of 13 years we saw a friendly slender boy with weight (24.7 kg) and length (138.7 cm) both below the third centile. Head circumference is 52 cm which is at the 10 th centile ( Table 1) . He has a frontal upsweep and mild frontal bossing, pronounced nasal bridge, small mouth and low-set ears. His build is slender with mild kyphoscoliosis and long fingers. We did not observe facial asymmetry, nor abnormal gait or other neurological symptoms. He shows a good social interaction with peers and has good eye contact. Because of rather rigid and perfectionistic behavior a neuropsychological examination was performed, but no diagnosis of autism spectrum disorder could be retained.
The younger brother of the mother, individual III-3, also followed special school and works now in a sheltered environment. As a child and at young adult age, this man was also extremely slender. Apparently the maternal grandmother was never able to read or to write. She also had two brothers with intellectual disability. These individuals were not available for clinical examination or testing.
Molecular and Biochemical Analyses
Mutation analysis. Analysis of the data obtained by RainDance-amplification and sequencing by the Illumina/Solexa system identified a mutation, c.1084A>G (p.Y328C), in the SMS gene in the index patient. This mutation was subsequently confirmed by Sanger sequencing and was also present in the carrier mother and her affected brother. The mutation was absent in the healthy brother of the patient.
Spermine/spermidine ratio and SMS activity.
In order to confirm the pathogenicity of the p.Y328C mutation in the SMS gene, the spermine/spermidine ratio was determined utilizing lymphoblastoid cells prepared from the proband. The patient's ratio of 0.529 was significantly different from the average ratio of two controls, 1.87 (Table 2) . This low ratio is similar to that reported for the three previously published patients with Snyder-Robinson syndrome (3-5). Next, the spermine synthase activity was measured to insure the reduced spermine/spermidine ratio was due to a deficiency in activity of SMS. The activity of the proband's SMS was 364 units, not much different from background (294 units) and significantly below the average of 7,293 units found in two control samples (Table 1 ). Again, this was consistent with results published previously for other SMS mutations (3-5).
Western blot analysis. As shown above, the p.Y328C missense mutation in SMS results in SRS due to the complete reduction of enzymatic activity. This could be a result of many things, one of which would be the absence of protein. This possibility was investigated by Western blot analysis. As shown in Figure 2 , the protein level is indeed reduced but only to about 20% of normal. This level would likely result in 80% reduction of activity but not in complete reduction.
One possibility is that the mutation partially prevents dimer formation which is required for activity. (Table 1) (2-5). In an attempt to better understand this variability, we examined the neurite length of PC-12 cells transfected with constructs of SMS. A form of this assay has been utilized to study effect of polyamines on nerve growth factor (NGF) stimulated PC12 cells (11) and the effect of SSRI inhibitors on neurite outgrowth in NGF induced PC12 cells (12) As shown in Figure 4 , the Y328C mutation in SMS did not result in a significant reduction in the percentage of cells which had a neurite length at least the same as its cell body width. However, the p.89 I_ins21X mutation identified in the original SRS family caused a significant decrease in this number as compared to cells transfected with WT SMS. In addition we performed branching analysis to look at dendritic arborisation in these transfected PC12 cells. Whereas no difference is seen between the Y328C mutation and WT transfected cells, we observe a significant decrease in dendritic branching and hence complexity in the cells transfected with the p.89 I_ins21X mutation construct ( Fig.4 and Supplementary data). This graph also confirms the shorter length of the neurites in the latter. This finding might correlate with the milder SRS presentation in family L091.
In silico modeling
Since the SMS protein exists as a dimer in the patient and is present at 20% of control levels, the lack of enzymatic activity is difficult to understand. The computational results indicate that Y328C mutation has little effect on dimer affinity. The predicted ΔΔΔG(binding_Mut) is 1.25 kcal/mol, which is small effect from computational stand point (Table 1S ). Our previous work indicates that the results from Molecular Mechanics Generalized Born (MMGB) calculations overestimate the experimental folding free energy changes by a factor of approximately ten (13) .
Similar effect is expected for binding free energy. Thus, the expected dimer affinity change can be estimated to be about 0.125 kcal/mol. Such minor effect on dimer affinity upon Y328C is not surprising since the mutation site Y328 is far away from the dimer interface ( Fig. 7) . At the same time, it should be mentioned that this small energy change favors the dimer formation. This confirms the experimental observation that although the amount of protein is reduced to 20%, all remaining proteins form dimers.
The calculated folding free energy change, averaged over three force field parameters, is about three times larger (ΔΔG(mut)= -3.40 kcal/mol; Table 2S ). The negative sign indicates that the mutation makes the monomers less stable than the wild type protein. Having in mind the close proximity of the mutation site to the active pocket of SMS, such a destabilization may have significant effect on the catalysis. However, the observations made by in vitro and in silico investigations indicate that the monomer destabilization does not affect the dimer formation.
Thus the effect on the catalysis should stem from perturbations of the active site wild type properties.
Both the wild type and the mutant C-terminal domains were subjected to MD simulations as described in the method section. Figure 5 shows the Root Mean Square Deviation (RMSD) as a function of simulation time. It can be seen that RMSD fluctuations in wild type structure quickly reach saturation and remain within 1.4Å, while the mutant fluctuations do not completely saturate and are much larger (>2Å) than those of the wild type. This is consistent with the results of the energy calculations indicating that the mutant is less stable than the wild type. The increase of the conformational dynamics of the Y328C mutant is so significant that perhaps it is the major factor contributing to the loss of activity.
Structural analysis of the effect of Y328C mutant was carried out to reveal the changes in the hydrogen bond network in the vicinity of the mutations site ( Fig. 6 ). It can be seen that in the wild type Tyr328 is involved in two hydrogen bonds. In both cases Tyr328 oxygen serves as hydrogen acceptor accepting hydrogen bond from Tyr312 and Thr314. In contrast, the mutant, Cys328, plays the role of hydrogen donor providing a hydrogen bond to the neighboring Tyr258.
Such a dramatic change of the hydrogen bond pattern around the active site of SMS definitely
should have a large impact on the catalysis.
DISCUSSION
The clinical findings observed in patients III-3 and IV-3 are very similar to those reported for other patients with Snyder-Robinson syndrome (Table 1) (2-5). Originally, this rare X-linked intellectual disability syndrome was characterized by tall stature, a thin marfanoid habitus, some facial asymmetry, osteoporosis and kyphoscoliosis (1). Reevaluation identified additional features such as an unsteady gait, nasal speech, pectus carinatum, long toes and seizures (2, 3).
The identification of a mutation in the spermine synthase gene as the cause of SRS allowed additional families to be reported (4, 5) , expanding the associated phenotype. Although the asthenic build was always present, not all males had a tall stature. The severity of ID now by guest on April 30, 2016 http://hmg.oxfordjournals.org/ Downloaded from included severe to profound along with mild to moderate. A short philtrum, mandibula prognatheism and pectus carinatum were also noted, and seizures are not always present.
The Belgium patients reported here present with a milder phenotype, the oldest affected man being able to live and work in a sheltered environment. Both show similar physical characteristics and have speech problems. They do not, however, have any gait problems. It is unclear why they are more mildly affected although their spermine/spermidine ratio is not lower than that reported for other affected males (Table 1) (3-5) and the spermine synthase activity is as low as more severely affected males ( Table 1 ). We noted however differences in a neurite assay and branching analysis involving transfected PC12 cells. The percent of cells with neurites longer than the width of the cell body was not statistically different from cells transfected with wild type SMS (Fig. 4 ). This is in contrast to the significantly reduced number of neurite outgrowth in cells transfected with truncated SMS caused by the splice mutation in the original SRS family. We also observed a significant decrease in branching and dendritic arborisation in these cells transfected with the truncated SMS variant. This would seem to indicate that the p.Y328C mutation does not interfere with neurite outgrowth and branching and might suggest that the SMS protein has an additional function beyond its enzymatic activity.
In vitro experiments showed that the newly discovered SRS causing mutation Y328C abolishes SMS activity, while retaining about 20% of the protein and having no effect on dimer formation. This is in contrast with previous in vitro and in silico investigations showing that another missense mutation, the G56S mutation, causing SRS (7) abolishes the function of SMS by disrupting dimer formation. Instead, the Y328C mutation has little effect on the dimerization but huge effect on conformational dynamics and hydrogen bond network around the active site ( Fig.   6 ) and thus greatly reducing the activity.
The molecular effect of this mutation (Y328C) is quite similar to the suggested molecular mechanism of another SRS causing mutation I150T. They are both situated in the vicinity of the active site and are far away from the dimer interface. However, in contrast to I150T, the Y328C mutant affects the hydrogen bond network of residues involved in the geometry of SPD/SPM binding pocket, rather than the MTA pocket. At the same time, these two sites, 150 and 328, were predicted to have similar mutability (see supplementary Tables 1 and 2 and Ref. (8)).
Almost any substitution is expected to have dramatic effect on the mutant SMS stability, dynamics and hydrogen bond network around the site of mutation. Other known to date SRS causing mutations are G56S and I132V, which are located at the dimer interface. Previous work (7) showed that they do not affect the active site, but disrupt the SMS function by affecting dimer formation or stability of the SMS. Thus, comparison of the current work with previous investigations (7) demonstrates that SRS is caused by various molecular mechanisms. However, despite of the different molecular mechanisms, the result at cellular level is a deviation away from the wild type spermine/spermidine ratio resulting in SRS.
MATERIALS AND METHODS
Mutation analysis
Family L091 is part of a large cohort of families and patients with X-linked intellectual disability that were collected at the Center for Human Genetics of the University Hospitals Leuven in order to identify causes of intellectual disability (14) . In a study to elucidate the genetic defects in families with apparent XLID, we performed enrichment of the coding and flanking intronic sequences of 86 known XLID genes followed by next-generation sequencing using the Illumina/Solexa system. Details of this method were described in (15) . Confirmation of the mutation in SMS and segregation analysis was done by Sanger sequencing (primer sequences available on request). The mutation was not found in the 1000 Genomes cohort, neither in the NHLBI Exome Sequencing Project which includes more than 4300
European-American exomes. The mutation was also not found in the internal Leuven exome database that consists of more than 400 exomes to date.
Spermine/spermidine ratio determination Patient lymphoblast cells were pelleted by centrifugation at 450g for 3minutes. The cells were resuspended in PBS and again pelleted by centrifugation. PBS was removed from the cell pellet and the pellet was frozen at -80C. The cell pellet was thawed on ice, resuspended in 50mM phosphate buffer pH 7.5 , sonicated 3x for 10 seconds each, and centrifuged at 10,000 g for 3 minutes. The supernatant was removed to a fresh tube and quantified using the Lowry method. A 100 ul suspension was prepared containing 35 ug of cell lysate and 2.5uM of spermidine d8 as a loading control in a 50mM phosphate buffer. 100 ul of an acetronitrile mixture containing 0.1% formic acid was added to the sample and assayed on Waters Quattro Micro tandem mass spectrometer using Waters C8 column. A standard curve for spermidine and spermine was generated and the results were analyzed using Quanlynx program as described by Sowell et al. (16) . 
Neurite assay and Sholl analysis PC-12 cells were transfected with V5 tagged vectors
containing either wild type SMS or mutations from the original SRS family (1) or the present family and immunofluorescence was done as described above. Cells expressing the different constructs were imaged on a Zeiss Observer.A1 AX10 inverted microscope using AxioViosion Protein structures The 3D SMS structure was downloaded from the Protein Data Bank (PDB), PDB ID: 3C6K (17). Following our previous work (7, 8) , we used chains C and D in our analysis. The structural defects as missing residues and atoms were fixed with "profix" from Jackal package (http://wiki.c2b2.columbia.edu/honiglab_public/index.php/Software:Jackal_General_Description ). The missense mutation and any other mutation were introduced in silico utilizing SCAP in Jackal package as well (18) . Figure 7 shows 3D structure of the human native SMS with the ligands of SPD and MTA. And the corresponding mutation site Y328 is represented by the colored balls.
Energy calculations
The SMS is a large protein containing 381 (only 366 amino acids are present in the X-ray structure) amino acids in each chain. Applying the same approach as in our previous study (7, 8) , each monomer was split into two terminal domains: N-terminal domain (residue numbers from 2 to 109) which plays an essential role for the dimerization, and Cterminal domain (residue numbers from 118 to 364) which carries the reaction and where the pathogenic mutation site Y328 is. Since both the dimerization and stability of individual domains are equally important for the SMS function, below we carry in silico analysis on binding affinity of the two subunits and domain stability.
Binding free energy (binding affinity) calculations were done using C-terminal domain of SMS and utilizing the program "minimize" in TINKER package (19) . The energy minimization was carried out with the Limited Memory BFGS Quasi-Newton Optimization algorithm. Details are described in our previous work (7, 8) . All minimizations were done with three force field parameters: Amber98 (20) Charmm27 (21) and Oplsaa (22) , to probe the sensitivity of the results with respect to the force field parameters. Once the minimization was successfully done, the minimized structure of each subunits C chain and D chain were extracted from the minimized dimer structure. This "rigid body" approach was shown to provide better results (7, 8) . The energy minimized structures of the dimer and two monomers were then subjected to the "analyze" program in TINKER package (19) to obtain the energies. The binding free energy is calculated with the following formula:
where ΔΔG(binding) is the binding free energy of the dimer and ΔG (dimer) is the potential energy of the dimer state while ΔG (C) and ΔG (D) are the potential energy of the monomeric states.
The same protocol was used for both native structure and the mutants, and then the binding free energy change due to the mutations is obtained as:
ΔΔΔG(binding_Mut) = ΔΔG(binding :WT ) -ΔΔG(binding : mutant)
where the ΔΔΔG(binding_Mut) is the binding free energy change due to the mutations; ΔΔG(binding :WT ) and ΔΔG(binding : mutant) are the potential energy of the native protein and mutants respectively. This protocol assumes that the entropies of the dimer and monomer are quite similar, and that the entropy of both wild type protein and mutated protein are very similar as well, therefore the entropy term canceled out in both (1) and (2).
Folding free energy calculations (monomer stability) were done using both C and D chains separately. The detailed procedure is described in (13) . Here we provide short summary only.
The structures were subjected to "minimize" in TINKER to perform the energy minimization with the same protocol as the above. Then we extracted a small structural segment of seven residues with mutation site in the middle. The energy minimized structures of both monomers and the extracted seven residue segments were subjected to "analyze" to perform the energy calculations. For the folding free energy of each subunit, the following formula was applied (13):
ΔG(folding) is the folding free energy of the monomer; G(folded) is the potential energy of the folded state while G(unfolded) is the potential energy of the unfolded state. Furthermore the unfolded state is split into two terms: G 0 (unfolded) and G 7 (unfolded). G 7 (unfolded) is the unfolded state energy of the seven residue segments while G 0 (unfolded) is the unfolded state of all the other part. We used the same formula to calculate the folding free energy of both C chain and D chain, and then results were averaged. The same protocol was used for both the wild type protein and the mutants, and then the effects on protein stability upon the mutation are obtained as:
ΔΔG(folding_Mut) = ΔG(folding: WT) -ΔG (folding: mutant) = G(folded: WT) -G 7 (unfolded : WT) -G(folded: mutant) + G 7 (unfolded: mutant) (4)
Entropy in both wild type protein and mutants are assumed very similar and cancel out in formula (4) . The approach of modeling seven residue segment in unfolded state instead of whole protein, results that G 0 (unfolded) is canceled out as well (13) . This method as recently tested on a set of more than thousand experimentally determined changes of the folding free energy and was shown to provide very good results (13) .
Molecular dynamics simulations
In order to address the effects of the flexibility of the active sites due to the missense mutation, molecular dynamics (MD) simulations were performed (23) .
The MD simulations for the wild type and the disease-causing missense mutation Y328C structures were carried out in parallel. The temperature was set at 298K, the time step length at 1fs, the time between dumps at 0.1ps and the total simulation time at 3ns. The energy minimized structure of C-terminal domain of both wild type structure and the mutant structure were then subjected to the program "dynamic" in TINKER package (19) .
The resulting snapshot structures were compared to the original starting structures using the Multiple Alignment with Translations and Twists (MATT) program (24) . The superimposed structures were used to calculate the root mean square deviation (RMSD) for each snapshot.
Then time average of RMSD is obtained as:
where RMSD i stands for the RMSD of the ith snapshot and "n" is the snapshot number (5) . Such a quantity has important property to tend asymptotically to a particular value and thus to be used to assess the convergence. 
